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Recently, a class of Dirac semimetals, such as Na3Bi and Cd2As3, are discovered to carry Z2
monopole charges. We present an experimental mechanism to realize the Z2 anomaly in regard to
the Z2 topological charges, and propose to probe it by magnetotransport measurement. In analogy
to the chiral anomaly in a Weyl semimetal, the acceleration of electrons by a spin bias along the
magnetic field can create a Z2 charge imbalance between the Dirac points, the relaxation of which
contributes a measurable positive longitudinal spin magnetoconductivity (LSMC) to the system.
The Z2 anomaly induced LSMC is a spin version of the longitudinal magnetoconductivity (LMC)
due to the chiral anomaly, which possesses all characters of the chiral anomaly induced LMC. While
the chiral anomaly in the topological Dirac semimetal is very sensitive to local magnetic impurities,
the Z2 anomaly is found to be immune to local magnetic disorder. It is further demonstrated that
the quadratic or linear field dependence of the positive LMC is not unique to the chiral anomaly.
Base on this, we argue that the periodic-in-1/B quantum oscillations superposed on the positive
LSMC can serve as a fingerprint of the Z2 anomaly in topological Dirac semimetals.
Topological semimetals are novel quantum states of
matter, where the conduction and valence bands touch,
near the Fermi level, at certain discrete momentum
points or lines [1–6]. The gap-closing points or lines
are protected either by crystalline symmetry or topo-
logical invariants [7–9]. A topological Dirac semimetal
hosts stable gap-closing points called the Dirac points
(DPs), which, in addition to the time-reversal (TR) and
spatial-inversion (SI) symmetries, are protected by the
crystalline symmetry. By breaking the TR or SI sym-
metry, a single DP can split into a pair of Weyl nodes,
leading to the topological transition from a Dirac to a
Weyl semimetal [10–15]. The Weyl nodes always come
in pairs with opposite chiralities in momentum space,
protected by topological invariants associated with the
Chern flux and connected by the nonclosed Fermi-arc
surface states [16–18].
The Fermi-arc surface states are regarded as the
most distinctive observable spectroscopic feature of Weyl
semimetals. However, their observation is sometime lim-
ited by spectroscopic resolutions. Therefore, there is an
urgency to find similar smoking-gun features of Weyl
semimetals in response, especially in transport measure-
ments. Of particular interest is the transport related
to the chiral anomaly, i.e., the violation of the sepa-
rate number conservation laws of Weyl fermions of dif-
ferent chiralities. Nonorthogonal electric and magnetic
fields can pump Weyl fermions between Weyl nodes of
opposite chiralities, and create a population imbalance
between them. The relaxation of the chirality popula-
tion imbalance contributes an extra electric current to
the system, which results in a very unusual positive lon-
gitudinal magnetoconductivity (LMC) [19–21]. While
the positive LMC, as a condensed-matter manifestation
of the chiral anomaly, was observed recently in Weyl
semimetal TaAs [3, 19]. It was also observed in Dirac
semimetals Na3Bi[2, 4] and Cd2As3[5, 22, 23]. It is now
understood that Na3Bi and Cd2As3, protected by a non-
trivial Z2 topological invariant, belong to a new class of
Dirac semimetals, in which the DPs occur in pairs and
separate in momentum space along a rotation axis [7–
9]. The momenta of the Dirac fermions in these Dirac
semimetals are locked to their spin and orbital parity, si-
multaneously. The Weyl nodes at the same DP belonging
to different irreducible representations in spin subspace
cannot be coupled, and have to seek for a partner with
the same spin from the other DP. As a consequence, the
two DPs composing of two pairs of Weyl nodes are con-
nected by two Fermi arcs [24, 25], much like in the Weyl
semimetals [18].
Naturally, one may ask, in analogy to the chiral
anomaly, whether there exists Z2 anomaly in regard to
the Z2 topological charge. If there exists, how it mani-
fests in experiments, or how to identify the Z2 anomaly?
In Ref. [26], by introducing a fictitious spin gauge field
which couples antisymmetrically to the spin, Burkov and
Kim answered the first question in the affirmative. In
this paper, we present an experimental mechanism to re-
alize the Z2 anomaly for Dirac semimetals carrying the
Z2 monopole charges, such as Na3Bi and Cd2As3, and
then we propose to probe the Z2 anomaly by magneto-
transport measurement. As we show, the Z2 anomaly, in
fact, is a spin version of the chiral anomaly, in which the
acceleration of electrons by a spin bias along the mag-
2FIG. 1. The nonequilibium local chemical potential induced
by the external fields, with the upper panel for∇µs = −eEzeˆz
and the lower panel for ∇µs = −esE˜zeˆz. The first column
displays the LLs for spin-↑ (dark-solid) and spin-↓ (red-dash-
dotted) Weyl fermions, where the parallel short lines are an
enlarged illustration of the nonequilibium local chemical po-
tential of each Weyl valleys due to the effect of chiral and
Z2 anomalies. The arrows denote the driven directions of
the Weyl fermions in the dispersion by the external fields
and 1/ℓ0 =
√
e(B=1T )
~
is unit of momentum. The last two
columns, carried out for Na3Bi[24], are numerical solutions
of Eq. (5), where la ≡ υ˜Fτintra represents the intravalley re-
laxation length. Other parameters are chosen as B = 1T ,
τ cinter = 5τintra, τ
s
intra = 20τ
c
inter and τ
s
inter = 100τ
c
inter.
netic field can create carrier density imbalance between
the DPs, the relaxation of which leads to a measurable
positive longitudinal spin magnetoconductivity (LSMC).
We further demonstrate that the B2 or B dependence
emerging in the positive LMC are not unique to the chi-
ral anomaly. Like the quantum oscillations of the pos-
itive LMC in Weyl semimetals [20, 27], we argue that
the periodic-in-1/B quantum oscillations superposed on
the positive LSMC are remarkable fingerprint of the Z2
anomaly in topological Dirac semimetals.
We start from the general low-energy Hamiltonian for
topological Dirac semimetals Na3Bi [24] and Cd3As2 [25]
H(k) = ~υF(σ
xszkx − σyky) +m(k)σz +O(|k|2) (1)
with m(k) = (m0 − m1k2z) −m2(k2x + k2y), where sx,y,z
and σx,y,z are Pauli matrices acting on the spin and or-
bital parity degrees of freedom, respectively. O(|k|2) is
a higher-order term in momentum related to the rota-
tional symmetries of the crystal structures, which, in the
vicinity of the gap-closing points, is negligible. Therefore,
[sz, H(k)] = 0, and the Hamiltonian separates into two
independent 2 × 2 blocks, which can be labelled by the
eigenvalues of sz, namely, s = ±1. Each spin block con-
tributes a Weyl node at the DPs kχw = (0, 0, χ
√
m0/m1),
where χ = ±1 refer to the Z2 charges of the DPs.
Consider the topological Dirac semimetal subjected
to an electromagnetic field, which can be described by
the Hamiltonian H (k+ eA(r)/~), where A(r) is a vec-
tor potential for the electromagnetic field. In a uni-
form magnetic field applied along the z direction, i.e.,
A(r) = Bxeˆy, the energy spectrum can be solved ex-
actly, yielding Esn,kz = −sm2/ℓ2B + εsn,kz with
εsn,kz =
{
s(Λ0 −m1k2z) n = 0
sgn(n)
√
(Λn −m1k2z)2 + 2|n|(~ωc)2 n 6= 0
,
(2)
where Λn = m0 − 2|n|m2/ℓ2B, ωc = υF/ℓB and ℓB =√
~/eB. The Landau levels (LLs) are plotted in Figs.
1(a) and (d), each of which has a degeneracy equal
to 1/2πℓ2B per unit cross section. Notice that, due to
the coupling between the magnetic field and the elec-
tron orbital angular momentum, a spin-dependent term
−sm2/ℓ2B appears in the spectrum, which shifts the en-
ergies of the Weyl fermions of opposite spins in opposite
directions, and thus lifts the spin degeneracy.
As we focus on the physics around the gap-closing
points, it is convenient to expand Eq. (2) near the Weyl
nodes. To linear order, we obtain
εχs,n(qz) = sgn(n)~
√
2|n|ω2c + υ˜2Fq2z + sχ~υ˜Fqzδn,0, (3)
where υ˜F = 2~
−1√m0m1 and q = k − kχw is momentum
measured from the Weyl nodes. As it shows, in eachWeyl
valley, the n = 0 LL is chiral, manifesting the chirality of
the Weyl node, and all n 6= 0 LLs are achiral. In the pres-
ence of an electric field, the system will exhibit the chiral
anomaly[28, 29], i.e., the acceleration of the fermions by
the electric field creates a chirality population imbalance
between the Weyl valleys, and then leads to a measurable
positive LMC. Here, the chiral n = 0 LLs are not only
Z2- but also spin-resolved. Moreover, for a single pair
of Weyl nodes for a fixed spin s, the Z2 charge χ in Eq.
(3) plays the role of the chirality, which exhibits the Z2
quantum anomaly. The chirality manifested in the n = 0
LL, in fact, can be understood as follows. The Z2 charge
of the DP is defined as χ = (Cχ↑ −Cχ↓ )/2, where Cχ↑,↓ are
the chiralities of the spin-↑ and spin-↓ Weyl fermions at
the χ DP [7, 8]. The paired Weyl nodes possess oppo-
site chiralities Cχs = −C−χs , and therefore, the chirality
of each Weyl node here is Cχs = sχ, which is exactly
the sign of the n = 0 LL’s group velocity, as shown in
Eq. (3). Recalling the mechanism of the positive LMC
in Weyl semimetals [20], the Z2 anomaly may also con-
tribute a measurable physical quantity, which is similar
to the chiral anomaly in response to the parallel electric
and magnetic fields.
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FIG. 2. (a) ∆σc(B), (b) ∆s(B) and (c) ∆σD vs the mag-
netic field B. The dark-solid and cyan-dotted lines in (a) and
(b) stand for the spin-↑ and spin-↓ components, where the
red-dashed lines indicate the envelopes of the oscillations, de-
scribed by the classical formula in Refs. [30, 31]. The solid
lines in the inset of (a) shows the envelopes of the LMC for
defferent magnetic doping concentration, with red, green and
blue for τ sintra/τ
c
inter = (20, 2, 1). The data of (b) are replot-
ted in its inset to show the periodic-in-1/B dependence of
∆s(B), and the inset of (c) displays the Drude conductivity
as a function of the Fermi level. Here, EF = 0.03 eV corre-
sponding to the pink dashed lines in Fig. 1, τ sintra/τ
c
inter = 20,
and σ0 = (e
2/h)υ˜Fτintra/ℓ
2
0 is chosen as the unit of conduc-
tivity for convenience.
To demonstrate this effect, let us couple an exter-
nal field, e.g., an electric field ∇µs = −eE or a spin-
dependent electric field ∇µs = −esE˜ which can be in-
duced by a spin bias, to the fermions. Upon application
of the external field, the linear-response electron distri-
bution function in general takes the form
fχs,n(k) = f0(E
s
n,kz
) +
[
−∂f0(ε
χ
s,n)
∂εχs,n
]
gχs,n(k), (4)
where gχs,n(k) describes the deviation of f
χ
s,n(k) from
the electron equilibrium distribution function f0(ε
χ
s,n) =
1/
[
1 + exp(
εχs,n−E
s
F
kBT
)
]
, with EsF = EF + sm2/ℓ
2
B. In the
relaxation time approximation, the steady-state Boltz-
mann equation for the multiple Fermi pocket system can
be expressed as [32–35]
υχs,n · ∇µs =
∑
s′χ′
gχs,n − g¯χχ
′
ss′
τχ,χ
′
s,s′
, (5)
where g¯χχ
′
ss′ = (g¯s,χ + g¯s′,χ′)/2 denotes the equilibrium
established between the Fermi pockets and τχ,χ
′
s,s′ repre-
sents the relaxation time due to disorder. The group
velocities for the LLs, given by ~υχs,n = ∇qεχs,n(qz), cor-
respond to the slopes of the dispersion and the average
g¯s,χ = 〈gχs,n(k)〉s,χ is defined as
〈· · · 〉s,χ =
∑
n,qy
∫
dqz(· · · )
[
−∂f0(E
s
n,kz
)
∂ε
χ
s,n
]
∑
n,qy
∫
dqz
[
−∂f0(E
s
n,kz
)
∂ε
χ
s,n
] , (6)
where the summation runs over all electron states at the
Fermi pocket in the χ valley of s spin component. It
is assumed τχ,−χs,s , τ
χ,χ
s,−s, τ
χ,−χ
s,−s ≫ τχ,χs,s , based on the fact
that, on one hand, the separation of the Weyl nodes usu-
ally makes the intervalley scattering much weaker than
intravalley scattering, and on the other hand, the z com-
ponent of the spin, served as a conserved quantity, will
have a long relaxation time for dilute magnetically dop-
ing. For the sake of brevity, we denote τintra = τ
χ,χ
s,s
(τ sintra = τ
χ,χ
s,−s) and τ
c
inter = τ
χ,−χ
s,s ( τ
s
inter = τ
χ,−χ
s,−s ) as
intra-Dirac-valley and inter-Dirac-valley relaxation times
due to charged (magnetic) impurity scattering.
Electric field induced chiral chemical potential- For
∇µs = −eE, the fermions in the two spin components
are accelerated by the electric field toward the same di-
rection. Since the chiral n = 0 LLs depend not only on
the Z2 charge χ but also on the spin s, the spin-↑ Weyl
fermions are pumped from the negative to the positive
chirality, while it reverses for the spin-↓ Weyl fermions,
indicated by the dark and red arrows in Fig. 1(a). As a
result, the global equilibrium can be established by elec-
tron scattering between Weyl valleys residing at distinct
or identical DPs, which includes two different relaxation
processes: (i) identical spin component but different Z2
charges and (ii) identical Z2 charge but different spin
components. In this case, we can reduce Eq. (5) to
eE · υχs,n = −
gχs,n − g¯s,χ
τintra
− g
χ
s,n − g¯s
τcinter
− g
χ
s,n − g¯c
τ sintra
(7)
with g¯s = (g¯s,χ+ g¯s,−χ)/2 and g¯c = (g¯s,χ+ g¯−s,χ)/2. For
τcinter, τ
s
intra ≫ τintra, we can approximate gχs,n ≃ g¯s,χ in
the last two terms of Eq. (7), and thus arrive at gχs,n =
−eE · υχs,nτintra + g¯s,χ with
g¯s,χ = −eE ·
〈
υχs,n
〉
s,χ
τcinterτ
s
intra
τcinter + τ
s
intra
, (8)
where m2, τintra/τ
c
inter and τintra/τ
s
intra are dropped first
due to smallness. It is noticed that only the chiral n = 0
LLs make a nonzero contribution to
〈
υχs,n
〉
s,χ
and, in
turn, to g¯s,χ. As υ
χ
s,0 ∝ sχ, the sign of
〈
υχs,n
〉
s,χ
is de-
termined by the product of s and χ. According to Eq.
(4), g¯s,χ in fact corresponds to the nonequilibium local
chemical potential in the Weyl valleys. Therefore, we
define the chiral chemical potential for each spin com-
ponent as ∆µs = (g¯s,+ − g¯s,−)/2. The chiral chemi-
cal potentials for the two spin components are equal in
4magnitude but opposite in the signs, as shown in Figs.
1(a)-(c). For dilute magnetically doping τ sintra ≫ τcinter,
∆µs = −eχE ·
〈
υχs,n
〉
s,χ
τcinter, which recovers the result
for Weyl semimetals of a single pair of nodes [20]. Here,
as the magnetic impurity scattering strengthens, the chi-
ral chemical potential will reduce quickly, as indicated
by Eq. (8). With further increasing the magnetic doping
concentration, τ sintra < τ
c
inter could be accessible, and then
the chiral chemical potentials turns to be very sensitive
to the local magnetic disorder.
Spin bias induced Z2 chemical potential- For ∇µs =
−esE˜, the Weyl fermions in the two spin components
are accelerated toward opposite directions, such that the
global equilibrium can only be established by electron
scattering between different DPs. In this situation, Eq.
(5) reduces to be
esE˜ · υχs,n = −
gχs,n − g¯s,χ
τintra
− g
χ
s,n − g¯s
τcinter
− g
χ
s,n − g¯z
τ sinter
(9)
with g¯z = (g¯s,χ+ g¯−s,−χ)/2. From Eq. (9), we obtain for
g¯s,χ = −esE˜ ·
〈
υχs,n
〉
s,χ
τcinterτ
s
inter
τcinter + τ
s
inter
. (10)
As analyzed above, g¯s,χ now is only χ-dependent and
the chemical potential difference ∆µz = (g¯s,+ − g¯s,−)/2
becomes spin-independent. Therefore, upon application
of the spin bias, the fermion population decreases in the
left DP and increases in the right, as illustrated in Fig.
1(d). The overall effect of this process is that the Dirac
fermions are pumped from one DP to the other, which
exhibits the Z2 anomaly. Consequently, we dub ∆µz the
Z2 chemical potential. A nonzero ∆µz presented in Figs.
1(d)-(f) indicates that an imbalance of carrier density
is established between the two DPs. Usually, the spin-
flip inter-Dirac-valley relaxation is much slower than the
other relaxation processes and thus, the Z2 chemical po-
tential is insensitive to the local magnetic disorder.
Positive LMC and LSMC- The spin-dependent current
density is given by
js =
e
2π
∑
χ
∑
n,ky
∫
gχs,n(k)υ
χ
s,n
[
∂f0(ε
χ
s,n)
∂εχs,n
]
dkz (11)
with gχs,n(k) = ∇µs · υχs,nτintra + g¯s,χ. Incorporating the
chiral and Z2 anomalies, together with
∑
sχ g¯s,χ = 0 due
to particle conservation of the system, we average both
sides of Eq. (5) at the Fermi level and obtain
g¯s,χ = −sχP˜− τ
c
interτ
s
intra
τcinter + τ
s
intra
+ χP˜+
τcinterτ
s
inter
τcinter + τ
s
inter
, (12)
where
P˜± =
∇µ− ·
〈
υ+−,n
〉
−,+
±∇µ+ ·
〈
υ++,n
〉
+,+
2
. (13)
At low temperatures, one can further derive
〈
υχs,n
〉
s,χ
=
sχυ˜F/Θs, with Θs = 2
nc∑
n=0
1
λn,s
− 1, where λn,s =√
1− 2|n|(~ωc
Es
F
)2 and nc = sgn(EF)int
[
(EsF)
2/2(~ωc)
2
]
is level index of the highest (lowest) LL crossed by the
Fermi level for EF > 0 (EF < 0). To see the physical
meaning of P˜± more clearly, we set m2 = 0 and then Θs
is spin-independent. For ∇µs = −eE, P˜+ = 0 and Eq.
(12) returns to Eq. (8), while for ∇µs = −esE˜, P˜− = 0
and Eq. (12) recovers Eq. (10). Therefore, |P˜±| in fact
describes the effective power of the particle pumping be-
tween the DPs.
Substituting Eq. (12) into Eq. (11), we can express
the spin-dependent current density as
js,z(B) = σ
s
D(Ez + sE˜z) + ∆σ(B)
×
(
τ sintra
τcinter + τ
s
intra
Ez +
τ sinter
τcinter + τ
s
inter
sE˜z
)
, (14)
where σsD =
e2nse
~kF,s
υ˜Fτintra is the Drude conductivity with
kF,s = |EsF|/~υ˜F and nse = (1/3π2)k3F,s as the spin-
resolved carrier density, and
∆σ(B) =
e2
h
eBυ˜Fτ
c
inter
h
∑
s
1
Θs
(15)
is the magnetoconductivity attributable to the nonequi-
libium local chemical potentials. Equations (14) is the
central result of our work, from which we define the
spin-resolved electric and spin conductivity as σc(B) =
js,z(B)/Ez and s(B) = js,z(B)/sE˜z . The LMC for Weyl
semimetals of a single pair of Weyl nodes is given by Eq.
(15), which has been discussed by us in Ref. [20]. Here,
the electron orbital angular momentum couples strongly
with the magnetic field, and the Weyl fermions can relax
via electron scattering between multiple Fermi pockets.
Therefore, new characteristic will emerge in the magne-
totransport. The LSMC, given by ∆s(B) ≡ [s(B)−s(0)],
is a spin version of the LMC due to the Z2 anomaly.
In Fig. 2, we plot the calculated ∆σc(B) ≡ [σc(B) −
σc(0)], ∆s(B) and ∆σD =
∑
s σ
s
D−σD as functions of B,
where σD is the zero-field Drude conductivity. As seen
from Figs. 2(a) and (b), though the Zeeman effect is ne-
glected, the spin degeneracy of the LMC and LSMC are
eliminated by the coupling of the electron orbital angu-
lar momentum and magnetic field. Due to the chiral and
Z2 anomalies, the LMC and LSMC exhibit synchronous
oscillations with the chiral and Z2 chemical potentials.
The envelopes of the oscillations are scaled with B2 for
~ωc ≪ |EF|, which is consistent with the classical for-
mula obtained in Refs. [30, 31]. From Fig. 2(c), we see
that, because of the coupling between the electron orbital
angular momentum and magnetic field, the trivial Drude
conductivity also contributes a B-dependent term
∆σsD/σD = (
em2
~EF
)2B2 + 2s
em2
~EF
B (16)
5to the positive LMC, which is similar to that due to
the chiral anomaly. Therefore, the B2 or B dependence
emerging in the positive LMC is not unique to the chiral
anomaly. However, the quantum oscillations of the LMC
are originated from the chiral n = 0 LLs, manifesting the
chiral anomaly. As shown by Eq. (14), the LSMC pos-
sesses all characters of the chiral-anomaly-induced LMC,
including the periodic-in-1/B quantum oscillations, as
exhibited in the inset of Fig. 2(b). While the chiral
anomaly is very sensitive to the local magnetic impu-
rities, please see the inset of Fig. 2(a), the Z2 anomaly
is immune to local magnetic disorder.
In conclusion, we have theoretically studied the anoma-
lous magnetotransports in Dirac semimetals carrying the
Z2 topological charge. We find that a spin bias along the
magnetic field can realize the Z2 anomaly for topological
Dirac semimetals. Accompanied with this, there emerges
a measurable positive LSMC. We further demonstrate
that the B2 and B dependences of the positive LMC
are not unique to the chiral anomaly, because similar
field dependences can also originate from the coupling be-
tween the electron orbital angular momentum and mag-
netic field. The Z2 anomaly induced LSMC possesses all
characters of the LMC due to the chiral anomaly, and we
argue that the periodic-in-1/B quantum oscillations su-
perposed on the positive LSMC can serve as a fingerprint
of the Z2 anomaly in topological Dirac semimetals.
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